Introduction
It would be impossible within the bounds of one paper to review the vast literature available on the various aspects of marine monitoring. This is particularly true when we consider the number of different components of the marine ecosystem and environment which are monitored by one or more monitoring programmes, and the different scientific disciplines this involves.
For example, in terms of the basic elements of monitoring design, the scientific literature includes aspects such as sampling methods and techniques (e.g. for water quality monitoring -Chapman, 1996) , the statistical power of sampling strategies (e.g. for benthic infauna monitoring - Carey and Keough, 2002 ; for marine contaminant monitoring - Nicholson and Fryer, 1992 ; for fish community health monitoring - Nicholson and Jennings, 2004) , and assessment methodologies (e.g. for biological assessment methods - Borja et al., 2009; Birk et al., 2012 ; for plankton monitoring - Tett et al., 2015) . More esoteric subjects include, for example, how citizen science may be incorporated into monitoring programmes (e.g. Hyder et al., 2015) .
Papers addressing the general philosophy of marine monitoring design are fewer in number. Examples from the literature include Segar and Stamman (1986) who discussed the essential elements of the decision and design process for both site-specific and regional marine pollution monitoring programmes. Elliott (2011 Elliott ( , 2013 considers marine monitoring programmes from the perspective of the philosophy of marine management. Karydis and Kitsiou (2013) take a more pragmatic approach, focusing on the technical aspects of monitoring design albeit for one sector of marine monitoring; water quality monitoring. However, their approach is similar to the one proposed here, as they consider aspects such as the importance of setting objectives for monitoring programmes, as well as implementation aspects such as data management and analysis.
Several authors have considered the role of new technologies in marine monitoring programmes. For example, Chapman (2015) highlights the emerging "omics" technologies and the future importance of biomarkers in the assessment of ecosystem health. Carstensen (2014) argues that as monitoring budgets decline, and the need to understand the impact of human pressures increases, new technologies such as remote sensing and autonomous vehicles must be utilised in monitoring programmes. This theme is continued by Nilssen et al. (2015) who propose how new technologies can help from data gathering to data assessment using integrated environmental mapping and monitoring.
However, while new technologies will certainly fundamentally alter the nature of many of our monitoring programmes, unless they are utilised in well organised monitoring schemes, their benefits will not be realised. The huge advantages that new technologies may bring can still, unfortunately, be lost by the action of humans within the governance structures of monitoring.
In terms of the funding of marine monitoring, Elliott and de Jonge (1996) and Elliott (2011) note that a key characteristic of a monitoring programme should be cost-effectiveness, and Borja and Elliott (2013) go on to examine how marine monitoring should respond to the general economic crisis in public spending, including a focus on cost-effectiveness. OSPAR (2008) note that many marine institutions in the northeast Atlantic would benefit from cost reductions if better coordination was implemented (Zampoukas et al., 2013) .
Many authors have noted that the drive towards the ecosystem approach which is being implemented globally (e.g. Borja et al., 2008; Bigagli, 2016) will require coordinated, if not integrated monitoring (e.g. Knol, 2013) . In the European Union the ecosystem approach in the marine environment is being implemented through the Marine Strategy Framework Directive (MSFD; EC, 2008) . Shephard et al. (2015) discuss extensively how coordinated monitoring, or in their terms "joint monitoring programmes", will be needed in order to implement the MSFD in a cost-effective manner. Zampoukas et al. (2013) noted that despite the plethora of legislation in Europe that require marine monitoring of environmental, habitat and ecosystem components including fish, the coordination of monitoring across these policy areas "is still in its infancy".
When considering the wider legislative systems within which marine monitoring is embedded, Elliott (2011 Elliott ( , 2013 considered several aspects of marine monitoring in the context of effective marine management, taking lessons from business management concepts or "tenets". He noted that marine monitoring should be included in adaptive monitoring/modelling/management systems in order to deliver successful marine management. The cost of monitoring must be considered in relation to ensuring marine management is "economically viable". Monitoring to measure the success of management must also be "technologically feasible".
In order that marine management is "socially desirable and tolerable", the cost-effectiveness of management, and hence of monitoring, must be demonstrated, and demonstrated to stakeholders and the public. In order that marine management is "politically acceptable", management systems, and hence associated monitoring programmes, must not be "gold plated". For marine management to be "effectively communicable", it must not only do the best for the environment, but be seen to be doing the best, i.e. it must be open and transparent to the public and stakeholders. This equally applies to marine monitoring which supports management.
Finally, successful marine management must be "administratively achievable". When considering marine monitoring programmes, this translates into statutory bodies being clear concerning their role and responsibilities in relation to implementing, and/or funding, monitoring and how their contribution relates to others serving the same management outcomes. Table 1 summarises the ten tenets of (Elliott, 2011 (Elliott, , 2013 and what they imply for the implementation of marine monitoring. In summary, marine monitoring needs to be well governed, cost-effective, organised, transparent, open, and "fit for purpose". All of these ideas are taken up in the proposed framework for assessing the effectiveness of monitoring presented below.
Definition of monitoring
Up until this point the term "marine monitoring" has been assumed to be self-explanatory. However, many papers, reports, guidance documents and statutory instruments attempt their own definitions of monitoring. In some respects trying to reach a precise definition is not a particularly fruitful exercise.
Many of the published definitions of monitoring (e.g. see Table S1 , Supplementary Material), all partly succeed and partly fail to inclusively describe all the monitoring that can take place in support of marine management. For example, Elliott (2011) defined 10 types of monitoring, which only partly agree with other published definitions.
It is not considered particularly useful trying to develop in this paper yet another definition of marine monitoring and its various types. Karydis and Kitsiou (2013) suggested a very general description of marine monitoring, as any activity that is routinely (regularly) performed, assesses either a pressure or an impact on the marine ecosystem, is based on sound experimental design and is sustained over a number of years. This definition is used here, and the remainder of the paper is relevant to any activity that fits this definition.
Within the definition of "monitoring", Likens (2009, 2010) define three classes of monitoring; curiosity driven (or passive) monitoring, mandated monitoring and question driven monitoring. Using these three categorisations, this paper is most relevant to "mandated monitoring" which Lindenmayer and Likens define as "monitoring where environmental data are gathered as a stipulated requirement of government legislation or a political directive", although some if not all of the general principles of what is proposed here can equally apply to the other two categories.
This paper
Despite the vast array of literature discussing varied aspects of marine monitoring, few address the underlying basic structures needed for the real-world organisation and implementation of efficient, well delivered marine monitoring. This paper proposes two "back to basics" methods to improve the monitoring that we currently have and to facilitate moving current monitoring on to a future more-integrated approach, especially in the northeast Atlantic where marine monitoring has evolved over time rather haphazardly.
The first method involves recognising that our present day monitoring can be brigaded under overarching "themes", thus bringing Table 1 The 10 tenets for integrated and sustainable marine management from Elliott (2011 Elliott ( , 2013 , and interpretations of how they relate to the implementation of marine monitoring programmes which inform and underpin such management.
Tenet
Implication to marine monitoring 1 Ecologically sustainable Management must not only protect ecosystem structure but also function. Hence monitoring should address both the structure and function of an ecosystem -leading to integrated monitoring. together different but connected strands of monitoring in a geographic region. The second method involves recognising that a well implemented monitoring theme should have a set of basic elements. If these are either absent, or poorly implemented, improvements can be made, leading to efficiencies. Conversely, if themes are well governed and delivered efficiently, they can then be moved on to encompass coordination and integration between themes. The remainder of this paper develops these ideas, and illustrates them with case studies.
Marine monitoring 'themes'
The concept of monitoring 'themes', and "thematic monitoring" is suggested as a useful concept to organise the often confusing array of marine monitoring that may exist in a region such as the northeast Atlantic.
A marine monitoring "theme" can be defined by some or all of the following properties:
-the geographical extent of the marine area it monitors.
-its set of policy drivers.
-the ecosystem components it monitors.
-the monitoring methodologies it uses.
-its assessment models and methodologies.
-its reporting and data structures.
-its governance structures.
-its funding sources.
-the people involved in implementing the theme.
Some regions may have simple, consistent and coherent marine monitoring structures. However, in a regional sea such as the North Sea bordered by several coastal states, marine monitoring and its governance has evolved over many decades with a multitude of policy drivers and governmental, and non-governmental, marine monitoring agencies and organisations (e.g. Knol, 2013) . It is in such a region where we need to organise monitoring into recognisable themes having all or some of the characteristics listed above if we are to improve the implementation of marine monitoring.
We need not get too distracted by the term "monitoring theme". We could use alternative terms such as "monitoring community", "monitoring project" or "joint monitoring programme" (as in Shephard et al., 2015) . The precise term is irrelevant. It is the move towards improvement in governance and implementation of marine monitoring which is essential.
A monitoring theme can be synonymous with a monitoring programme, or could encompass multiple monitoring programmes. While a monitoring programme is most likely implemented by a single country, single institute, or single funding mechanism, a monitoring theme can bring together multiple programmes, so long as they share some or all of the qualities in the list above.
A local example may be provided, for example, by water quality monitoring in Scotland, providing input to the Water Framework Directive (WFD; EC, 2000) , the Marine Strategy Framework Directive and the OSPAR Commission. This theme uses water sampling followed by chemical analytical laboratory methods, has a governance structure called the Scottish Clean and Safe Seas Working Group, has assessments coordinated nationally, as well as by OSPAR and involves people from a governmental environment protection agency (the Scottish Environmental Protection Agency, SEPA) and the science division of a national government Ministry (Marine Scotland Science, MSS). Table 2 provides further examples of monitoring themes which existed in Scotland in 2017. Scottish water quality monitoring also contributes to the overall UK ecosystem health monitoring theme which has been selected as one of the case studies below.
A regional example of a monitoring theme is provided by demersal fish stock monitoring in the northeast Atlantic region. This monitoring is primarily driven by the EU Common Fisheries Policy (CFP; first published in the 1970s, but most recent revision is EC, 2013) and associated agreements, predominantly uses traditional fishing by trawl, followed by techniques such as species, sex and maturity identification, biological measurements, otolith extraction and ageing, has governance and assessment structures within the International Council for the Exploration of the Sea (ICES), has common funding mechanisms through the EU Data Collection Framework (DCF) and is implemented by staff in governmental fishery laboratories.
In this example the strong linking items creating an easily identifiable theme are the operational governance structures provided by ICES, defining and engendering a community of people and their associated institutes involved in implementing the monitoring, as well as shared sampling, reporting and assessment methodologies also coordinated by ICES. Within this theme there exists multiple individual national survey programmes, each with their own forms of governance and implementation, but they collectively form a distinctive marine monitoring theme.
Evolution of themes
Because of the iterative nature of monitoring implementation, different marine monitoring themes may have different degrees of development, coordination, structure and maturity. For example, offshore oceanographic monitoring in Scotland started in 1893, and the relevant governing structure, ICES, was formed in 1902 and is thus over a century in age, while Marine Protected Area (MPA) monitoring, in the UK at least, is still in gestation today in 2017.
It may not be universally true, but from one viewpoint marine monitoring may differ from other non-marine environmental monitoring because of the deeply rooted and "silo"-ed nature of our monitoring themes, particularly in the northeast Atlantic. It is possibly the thematic nature of marine monitoring that has held back the development of integrated monitoring, as each theme does not fully understand the other, and the thematic nature of how marine monitoring is organised is not generally recognised.
There is much keeping themes separate, especially the competing policy drivers and the separate funding, governance and leadership structures. The importance of "cultural" differences between themes should also not be underestimated. In the two examples above, fishery scientists and marine chemists have different educational backgrounds, different support networks, different technical languages, a different set of acronyms to work with, and to some extent different approaches to the scientific method.
However, there can be underlying commonality between themes, for example the need for research vessels, specialist equipment (both at sea and on shore in the laboratory) and skilled people. It is in these common areas where there may be the greatest potential for efficiency savings through improved coordination, collaboration and integration.
Monitoring themes to identify efficiency savings
Much marine monitoring uses specially designed survey vessels, which are expensive to acquire and to run. Some individual monitoring programmes use shore-based sampling, citizen science or ships-of-opportunity. New technologies (e.g. remote sensing, autonomous vehicles) in the future may be able to replace vessels as the principle monitoring platform but these are currently not used extensively in routine, repeated monitoring programmes. The reality is that most marine monitoring programmes currently need vessel time. Supplementary Material for details). This assessment does not include charter vessels or ships-of-opportunity. Thus by analysing resource use (such as the survey vessels used) by monitoring theme, the following questions might arise: 1) Within a theme, is the allocated vessel programme too much/too little to meet the strategic objectives of the theme?
2) Is the balance between themes the correct one? If the current and future priorities of policy areas are considered, would we wish to redistribute vessel resource between themes? 3) Is there enough, the correct type (e.g. inshore v. offshore), or too much vessel resource available to deliver the existing thematic monitoring plans?
Moving away from vessel resource, it could be asked: 4) Is there enough staff resource to operate the thematic monitoring plans? Do the existing staff have the correct skills? Can staff resource be shared between themes to make efficiencies? Can staff be provided with additional training to allow greater collaboration between themes? 5) Is there excess or under provision of laboratory analytical resource within each theme? Can laboratory resources be shared to make efficiencies within themes?
While it is true all of the questions above could be asked without an understanding of the thematic nature of marine monitoring, recognising monitoring themes and working within a clear governance structure for each may lead to more rapid and effective progress towards greater efficiencies.
Essential elements of a marine monitoring theme
In order to effectively implement change within and between monitoring themes, each theme must be operating effectively and efficiently. For a well organised, effective and efficient marine monitoring theme the minimum set of essential elements would include (Table 3): 1) An easily understood, visible governance structure.
This requires a structure of committees or groups which have clear terms of reference describing their roles and responsibilities with respect to the running and implementation the theme. Typically one would expect to see: I. A leadership level, made up of individuals who can make major decisions about the distribution of resources, including elements of funding, within and between components of the theme and who can provide a direct link to the aims and objectives of the relevant political administration(s). The leadership should identify reasons for change, set targets for change, receive reports from the theme on progress and receive audits of the theme. II. A management level, made up of individuals who can direct the resources and funding allocated to them and who plan and direct changes within the theme, commission reports and audits of progress. III. An operational level which deals with the technical aspects of implementation.
The requirement today in the 21st century to involve all relevant stakeholders in the governance of publically funded environmental management processes is enshrined in many national and international instruments (e. Fletcher, 2007; Karydis and Kitsiou, 2013) .
Stakeholders for marine monitoring include representatives from all of the marine industry sectors affected by the management processes which the monitoring supports (e.g. fishing, offshore oil and gas production, aggregate extraction, marine renewable energy extraction, shipping, ports and harbours, recreational users, tourism), non-governmental organisations (NGOs) and members of coastal communities as well as academia who may wish to use the outputs of the monitoring for research purposes. The general public also has a great interest in the health of the seas, particularly in coastal regions.
It is practically difficult for all of these diverse groups to be physically represented on the governance structures of marine monitoring. For this reason it is important that the governance is open and transparent, and easily found, and today this means being able to find relevant information through the internet using a search engine.
Hence, in a well organised governance structure today, group membership (who is on the group), terms of reference (what the group is meant to do) and meeting minutes and/or reports (what the group actually has done) should all be accessible through open searches on the internet at a minimum. One might also expect the publication of monitoring costs within a theme, as it is only with such data that the public can be reassured that public funding is being used efficiently through cost-benefit analyses (e.g. Dennis et al., 2015) .
2) A published monitoring strategy.
A monitoring theme should clearly articulate why the monitoring is being done, who is doing it and how it is organised (i.e. a description of the governance structure). This is best done using a simple monitoring strategy document.
Why the monitoring is being performed describes the objectives of the monitoring, and normally how these objectives relate to the driving policies that call for and justify the monitoring. Having clear objectives which are understood by scientists, managers and policy officials is a critical step towards successful monitoring (e.g. Karydis and Kitsiou, 2013) . Elliott (2011) agrees that if a monitoring programme is to demonstrate it is cost-effective, it must have an "optimum and defensible sampling strategy". To demonstrate the monitoring strategy is "optimum", a 'fit for purpose' analysis is needed, which in turn means that the monitoring programme must clearly articulate its "purpose", against which effectiveness can be judged.
The monitoring strategy should lay out the governance of the monitoring theme, and who makes what decisions. It should summarise the structure of the theme in terms of the nine elements described here, and where stakeholders can find information on these key elements.
3) A published thematic monitoring plan.
While a monitoring strategy outlines what is being monitored, why, by whom, as well as summarising the themes essential elements and who is in control, it does not lay out in any detail how the monitoring is done, or records the elements of the theme as implemented in detail.
A monitoring plan does this, and is a working document (or documents) used by members of the theme. It should clearly describe how the monitoring is implemented, what sampling methods are used, how the data is archived, shared and assessed, and how assessments are coordinated and disseminated. The plan should be used to clearly coordinate within-agency and inter-agency resources. While it is an internal working "manual" or a set of "standard operating procedures" for the monitoring theme (in reality it will be multiple documents covering the elements of the theme), it should also be publically available.
4) A 'fit for purpose' analysis.
A 'fit for purpose' analysis can be anything from a detailed statistical analysis of a sampling regime in terms of specified precision and accuracy limits (e.g. Heffernan et al., 2010) , to a qualitative assessment of a monitoring theme against its stated objectives, in a semi-formal process using "expert judgement" (e.g. Webster et al., 2013) .
The important feature of a "fit-for-purpose" analysis is that thought has gone into considering whether the monitoring theme is meeting its objectives, and how resources within the theme may best be used optimally. Mature, well developed monitoring themes would more likely have quantitative 'fit-for-purpose' analysis, while developing themes might have more qualitative approaches. Elliott and de Jonge (1996) were worried that in some regions monitoring was only being done to demonstrate action, rather than being 'fit-for-purpose'. Elliott (2011) noted that the ecosystem approach relied on appropriate, or 'fit-for-purpose' monitoring, while Borja and Elliott (2013) were concerned that budget reductions might result in monitoring being no longer fit for purpose, or value for money, particularly as regions try to implement the ecosystem approach. If monitoring became no longer 'fit-for-purpose', managers would eventually terminate such monitoring as it would be seen by them as a "job creation" exercise by scientists.
Such concerns are addressed by published analyses of how a monitoring theme is being implemented compared to its stated objectives, if the monitoring has sufficient statistical power to provide robust evidence for the questions it proposes to address, and what steps have been taken to optimise it. 5) Agreed and published sampling protocols.
Sampling protocols are a standard tool within science, marine science and marine monitoring. However, as Shephard et al. (2015) note, it is particularly important to have robust shared sampling protocols to ensure multiple samplers within a theme are all using the same methods. These protocols should be published to allow scrutiny and external audit. Froján et al. (2016) note that standardising sample acquisition and sample processing protocols have improved data quality in the marine benthic monitoring theme. van Lancker (2010) reminds us that the European MSFD includes requirements for Member States to "develop technical specifications and standardised methods for monitoring at Community level, so as to allow comparability of information", and to avoid duplication of effort and to ensure consistency between monitoring programmes, existing monitoring guidelines should be used wherever they are available.
Hence, a clear set of published sampling protocols is needed for a well implemented monitoring theme. 6) Agreed and published quality assurance processes.
Within any scientific discipline, quality assurance, with precision and accuracy estimation, is a fundamental concept. Marine monitoring is not an exception, although in the past some monitoring 'themes' have neglected this aspect, probably because of the multiple stages involved in the estimation of some parameters (e.g. water current velocities from an acoustic Doppler current profiler), and the high natural variability in the sea.
When discussing the "measureable" characteristic of effective marine monitoring, Elliott (2011) agrees that marine monitoring must have "minimum or known bias (error)", with "accepted methods and Analytical/Quality Control/Quality Assurance and with defined detection limits". Borja and Elliott (2013) note that while chemical laboratories often commit 40% of their budget to quality assurance processes, biological analysts have been more reluctant to do so. Quality assurance processes in analytical chemistry will be very different to fish stock size estimation, for example, but both monitoring techniques need to address quality assurance in some way, albeit differently. Precision and accuracy estimates should be made for the parameter in the sea rather than the parameter in a sampling bottle, hence it must take into account in some way natural patchiness and sampling scales, and sampling errors.
In summary, an effective and efficient monitoring theme must develop and publish quality assurance processes that are applied consistently across the theme, and in some way audited. The published quality assurance documentation should be summarised so that a general user of the monitoring can get an intuitive feel of how accurate the monitoring data is, in a real-world sense. 7) Shared data centres.
The phrase "collect once, use many times" has often been cited by reviews of marine monitoring information (e.g. Borja and Elliott, 2013; Karydis and Kitsiou, 2013) as a fundamental aspect of publically funded monitoring programmes. It does not have to be stressed too much that marine data is difficult and expensive to collect, and must be made readily available to all users. Shared data centres, or data structures, facilitate such coordinated data archiving, dissemination and multiple use.
Assessing good environmental status across a number of different types of descriptor, as is required for example by the European MSFD, will also require coordinated shared data centres (Shephard et al., 2015) , and in many regions such data centres are already being implemented. An internet search for marine data portals, metadata centres, and data centres will return a plethora of such mechanisms. The key to a well-organised monitoring theme is that there is one, common, shared system that all members of the theme contribute to and help maintain. When a new element of the monitoring theme starts up, the focus should be on enhancing the existing single shared thematic data structure and not creating a new one. Eventually, if or when coordination between monitoring themes occurs, shared data centres should merge to form larger units with consistent internal data structures.
8) Published and peer-reviewed assessment models/processes. 9) Published assessments and assessment outcomes.
Monitoring in itself is not useful to society. The parameters measured in a marine monitoring theme must in some way be interpreted for decision makers and stakeholders in ways relevant to their questions about the marine environment. Assessment methods should be robust and have passed through the rigours of peer-review, be transparent and open to anyone wishing to challenge them. Assessment results must be published. Elliott (2011) emphasised the need for marine monitoring to focus on outcomes rather than outputs. A basic question that should be addressed is, "has the monitoring done any good, or achieved anything for society?" Borja et al. (2008) state this very clearly when they say "the scientific challenge is to develop robust simple, pragmatic, but scientifically sound [assessment] methodologies, which can provide communities and decision-makers with tools to define and monitor the evolution, current condition and biological performance of marine ecosystems and bioregions". Karydis (2015) examines the connection between monitoring projects and the expectations of the public and of stakeholders. He considers monitoring not to be only a scientific activity, but that it should also fulfill the requirements of communities and policy makers regarding detecting environmental trends and compliance with environmental legislation.
Two proposed monitoring themes are now briefly analysed in terms of the nine essential elements suggested for a well-implemented monitoring theme. More details of each theme, including relevant web links, are presented in the Supplementary Material.
Two case studies
4.1. National case study -UK marine ecosystem health monitoring Although many strands of the marine monitoring that make up this theme have existed for decades, with various previous coordinating mechanisms, this monitoring theme first coalesced in its present form in order to provide the evidence required by the UK national sustainable development policy "Safeguarding our Seas", published in 2002 (Defra, 2002) . It was this policy that first promoted the vision of "clean, safe, healthy, productive and biologically diverse oceans and seas". This was an easily understood expression which made the ecosystem approach understandable to the public, and to some extent to the scientists involved in marine monitoring at the time.
A first ecosystem-wide assessment was developed by scientists within the theme and published as "Charting Progress" (Defra, 2005) . This assessment consisted of a presentation of the indicators used in the assessment and how these were developed, assessments of the physical and biological status of the seas as well as the human impacts on marine environmental quality using these indicators, followed by regional assessments of ecosystem health and a final integrated assessment.
Following the work within the theme to produce this first assessment (Table 4 for a summary of the timeline of developments within this theme), a governance structure was needed in order to deliver further assessments, and this was created by the first UK Marine Monitoring and Assessment Strategy (UKMMAS, 2007) . Rather than aligning the governance structure under scientific disciplines, as was at first proposed, the governance (specifically at the operational level) was aligned under the overarching policy vision, with "evidence groups" being created in order to coordinate monitoring and assessments for the "healthy and biologically diverse", the "clean and safe" and the "productive" components of the marine ecosystem (MARG, 2006; Turrell, 2006) .
Thus a simple and understandable governance structure was launched, which clearly had leadership, managerial and operational levels and which connected Government Minister-level leadership to scientistlevel operations (see Table 5 and Supplementary Material for details). The UKMMAS (2007) itself, and an updated revision in 2015 (UKMMAS, 2015) , provided the overarching monitoring strategy, and presented the governance structure as well as the purpose of the monitoring with aims, specific goals, objectives, policy and geographic scope.
The monitoring theme went on to deliver six additional substantial ecosystem health assessments following "Charting Progress", with a further assessment in preparation for publication in 2018 as the UK assessment for the European MSFD (Table 4) . Hence it is clear the theme is operational, with an excellent and substantive series of published assessments.
However, the elements of the theme lying between the overarching strategy provided by the UKMMAS and the published assessments appear to be currently dispersed and in some areas under development. Each different strand of monitoring within the theme (at least 40 -see Table S2 , Supplementary Material) has different approaches to monitoring plans, 'fit for purpose' analyses, sampling protocols, and quality assurance processes. These have not yet been coordinated or unified. There are mechanisms under the UKMMAS to coordinate shared data centres, especially within the Marine Environmental Data and Information Network (MEDIN -more details in Supplementary Material), but otherwise integration within the theme is still developing within the operational aspects described above.
Regional case study -northeast Atlantic demersal fish stock monitoring
One could argue that ICES-coordinated demersal fish stock monitoring is the most comprehensive, well-coordinated marine monitoring theme in existence in the northeast Atlantic. It involves multiple countries, multiple survey vessels and feeds a well-established annual assessment process that a whole regional industry depends upon; i.e. the northeast Atlantic demersal fish fishery. It has been operational since the 1980s, hence for more than three decades.
One of the driving mechanisms within this theme is the ICES International Bottom Trawl Survey Working Group (IBTSWG). This group provides the "operational" level of the governance structure, and people attending this group generally are responsible for running individual vessel-based surveys for a specific country or institution. It makes decisions about survey design, and reviews previous surveys and makes adjustments depending on their outcomes and experiences. Annual membership and group reports are all consistently published on the ICES web site from at least 1992.
Governance above the operational level is not so easily described. A managerial level should exist above the IBTSWG, that would typically consist of the equivalents of institute directors, who could make decisions concerning the resources and expenditure the IBTSWG need to do their job. Such a group does not exist in the ICES structure. Formally, in 2017, the IBTSWG reports to the Steering Group on Integrated Ecosystem Observation and Monitoring (SSGIEOM). However, this group consists of senior scientists discussing the scientific requirements and direction of survey evolution, and not resource managers.
There is also a vacuum at the leadership level. The SSGIEOM, formally, reports to two higher groups in the ICES structure, one consisting of senior scientists (SCICOM -See Supplementary Material), and one of principal advisors (ACOM). Neither consists of people in positions that can make high level strategic decisions concerning the aims and objectives of this monitoring theme, and the assessments it feeds. If the political will in the region was to move towards integrated monitoring of the ecosystem and away from systems aimed directly at providing annual fish stock assessments, there is no current grouping of owners of the monitoring resource that could make the decisions needed to implement such a change (See Supplementary Material for a further discussion of possible governance groups).
Hence the governance structure of this theme is sound at the operational level, but lacking in the managerial/leadership levels. The remainder of the analysis of this theme reflects this reality, of strong operational governance and weak leadership governance as all of the remaining items are different aspects of the themes operational implementation, apart from the monitoring strategy which should be provided by the leadership level.
A monitoring strategy which describes the governance of the theme, who does what and why is not available. The theme's monitoring plan starts by stating the objectives of the monitoring, as the operational governance level has a clear understanding of the purpose of the monitoring.
The theme's published thematic monitoring plan, sampling protocols and quality assurance processes are all provided by the extensive survey manual ICES (2015), part of the Series of ICES Survey Protocols (SISP) publications. The current version is the ninth revision, showing how regularly this is reviewed and updated; a truly "living" or operational document. The survey manual presents the current objectives of the monitoring, as well as laying out a set of criteria that a survey must meet in order to be admitted into this monitoring theme.
In terms of sampling protocols, the survey manual specifies the survey design, details concerning trawl construction and rigging, the standard fishing methods to be used, and how to monitor fishing net geometry. It lists fishing positions, specifies how to sort and sample catches and measure aspects such as the length composition, age, sex, and maturity of the sampled fish. It also goes on to specify what ancillary data should be collected, such as environmental data at each haul position (e.g. temperature and salinity), as well as how to sample marine litter caught in the net, how to sample invertebrates caught in the survey, and some aspects of the plankton using a smaller sampling net.
In terms of quality control it discusses technical aspects of fishing gear quality control, and specifies further aspects of quality control both before, during and after the surveys themselves. It concludes with a section on exchange specifications for data collected within the monitoring theme.
ICES has developed a full and mature system of 'fit-for-purpose' analyses, enshrined in their "benchmark" process. Here, on a three to five year rolling timetable, the assessment for each fish species is reviewed, including the quality of the monitoring data and the assessment methodology and models used. A shared data centre is provided by the "Database of Trawl Surveys" (DATRAS) database, operated by ICES.
Finally, assessments methods and models are fully described both within the benchmark process as well as within very full "Stock Annexes", also published for each species of commercial fish for each relevant ecoregion, and the assessments themselves form the basis of ICES advice which is published annually in a well understood system (full details in Supplementary Material).
Case studies summary
In the first case study, the marine monitoring theme was created in order to deliver the ecosystem approach in the UK. The theme has existed in its current form for just over a decade and has evolved rapidly over that time (Table 4) . While a clear governance structure is present, the implementation of the theme is still fragmented, with an overall monitoring plan and associated coordinated operational components of the theme still under development (Table 5) . However, the development of assessment methodologies and delivering assessments is very active within the theme, with seven national assessments being delivered since the theme's inception in 2002 (Table 4) , and a further one planned for 2018.
In the second case study, the marine monitoring theme has been in existence for more than three decades. At the operational level it is fully developed, with clear and well published essential elements from a comprehensive monitoring plan to annually published assessments. What may be lacking in this theme are clear governance structures at the managerial and leadership levels. It is certain these exist individually within participating organisations and/or countries, but it is not clear that an overarching coordinated governance structure exists.
Improving existing monitoring
We have seen from the two case studies that monitoring themes currently have varied levels of efficient implementation. The question "how can we improve our marine monitoring" is now addressed. 
Why define monitoring themes?
The purpose of defining a monitoring theme is to improve monitoring governance in a region, and thereby facilitating easier coordination followed by, hopefully, integration. This is obviously only relevant in regions where monitoring has historically evolved along thematic lines (e.g. the northeast Atlantic) rather than for regions just starting out in establishing marine monitoring (e.g. the Arctic).
Monitoring themes can have multiple definitions. In some cases what is within or without a theme will not be clear cut, while in others the divisions will be obvious. Themes may evolve over time. The principal reason for defining a monitoring theme is to improve its governance and structures, and hence improve its ability to coordinate its activities with other themes in order to move towards integrated monitoring. Getting too focused on what a theme is or is not is not useful. Rather, if by defining a theme it helps integration and progress, then use that definition. If the definition starts to hinder progress, by creating too much negative discussion concerning what is in or out of the theme, for example, change the definition.
How to improve monitoring implementation -the essential elements
In this paper, nine operational elements are considered essential for an effective and efficient monitoring theme, or for that matter an individual monitoring programme. None are new, and all have been discussed by other authors. Some may consider that other elements are needed. Once again, we must not get too distracted by a debate about which elements should or should not be in the list. If we get at least these nine correct, we will have improved monitoring implementation enormously.
One key aspect of the proposed scheme is that the assessment methodology and implementation is considered an integral part of marine monitoring and included within the key elements, and not a process marine monitoring merely serves. The governance structure of a marine monitoring theme must have the ability to strategically influence the evolution of the assessment methodology, or the monitoring itself cannot be evolved.
In order to improve a monitoring theme, it is suggested that first the current situation is analysed in terms of how each of the nine elements is currently being implemented. Next, the governance structure must be clearly agreed and delineated, with the leadership level then taking control of the process. Finally the nine elements must be fully implemented, and maintained over time. Once marine monitoring themes within a region are well implemented, they can move towards coordination, and ultimately integration.
Lessons from the case studies
The national example of a marine monitoring theme, under the UK Marine Monitoring Assessment Strategy, provides an example of a fully developed theme in terms of governance structure and delivery, but one that is still developing in terms of some of its operational components. This may suggest that a monitoring theme that is focussed on operational delivery and has a high workload may not have much spare capacity to improve its operational infrastructures.
The regional monitoring of demersal fish stocks in the northeast Atlantic provides an excellent example of a well implemented marine monitoring theme at the operational level, but one lacking a fully developed governance structure. The principal coordinating mechanism for the theme, ICES, historically has provided an integrating mechanism for marine scientists in the northeast Atlantic, and not one for science resource managers or their policy strategic leaders.
Looking backwards, this weaker aspect of the theme may have contributed to the lack of progress towards integrated monitoring in the region. One of the goals of the ICES Science Plan published in 2009 (ICES, 2009) was that "an ecosystem monitoring programme will be developed for the ICES area based on existing time-series activities of member countries, emerging survey methodologies, and enhanced coordination […] with the aim of providing indicators in support of advisory needs of integrated management and ecosystem status reporting." Nearly a decade on and there is no visible evidence of progress towards this goal.
Looking forwards, we now see that the monitoring theme is producing data which is just as important for assessing the health of the ecosystem (e.g. providing the full fish community indices for the MSFD; Moriarty et al., submitted) as it is for managing the resource provided by stocks of the commercial species of demersal fish. However, this is just a happy circumstance, and not one strategically developed.
For example, if a change is suggested by the operational level within the theme, such as a change in the fishing gear used, or tow duration, its impact is currently considered only in terms of stock assessment methodology, and not in terms of MSFD fish community indices assessment methodology as no leadership level within the theme has decided that serving ecosystem health assessment is of equal importance to the theme as commercial fish stock assessment. Such a decision would be the first step into turning this huge annual monitoring undertaking from a single-use process towards the previous goal of ICES and its member countries, an integrated marine monitoring process, but no fully developed governance structure is available to make that decision.
Hence we can see that marine monitoring, if delivering what is currently required, can be operationally run by scientists without the strategic direction provided by the leadership level. However, such monitoring finds it difficult to evolve or change its emphasis when new policy drivers come along.
Implementing integrated monitoring

What is integrated monitoring?
Integrated monitoring in the context of this paper is where two or more monitoring themes work together to jointly use monitoring resources (e.g. people, platforms, ships, equipment, laboratories, etc.) to deliver their outputs. As the joint work progresses, they may ultimately combine into a single seamless theme or programme. However, the starting point is when the differences between themes is sufficient that work must be done in order to bring about the efficiencies that integration can provide. Zampoukas et al. (2013) use a similar definition of integrated monitoring as above, as they say it is a monitoring programme which provides data on different aspects of the ecosystem (in their terms MSFD descriptors, criteria and indicators) to "different pieces of legislation, for more than one Member State and collected in a comparable way".
However, integrated monitoring in the sense used here is described as "coordinated monitoring" by Kupschus et al. (2016) . The difference is discussed further in the next section.
6.2. Why integrate? -the ecosystem approach Apitz et al. (2006) noted that the move towards implementing an ecosystem approach in European waters, with statutory tools such as the WFD, MSFD, and Habitats Directive, will require the integration of information between countries, agencies and disciplines to an unprecedented degree. Hence they establish one of the key drivers which will move the marine monitoring community towards integrated monitoring; supporting the implementation of an ecosystem approach. Chapman (2015) discussed the future challenges of marine monitoring in the context of European legislation such as the MSFD. The integration of biological and chemical monitoring was highlighted, as was the role of monitoring ecosystem function in assessing Good Environmental Status. The requirement for integrated multi-stressor ecosystem-specific assessments will require coordinated, if not integrated, marine monitoring within geographic regions, and between monitoring themes. Elliott (2013) , when addressing his 6th tenet of marine management, noted that effective marine management requires vertical integration between ministries, government agencies, statutory bodies involved in management, as well as horizontal integration between different sectors and stakeholders implementing marine management. This observation is equally applicable to the monitoring that underpins effective marine management. Vertical integration is best done within the governance structures of a monitoring theme. Horizontal integration should then follow between themes, where strong within-theme governance allows simpler negotiations and understanding between themes to take place, decisions made and linkages to be formed.
All of the above, in the terms used by Kupschus et al. (2016) describe "coordinated monitoring" rather than truly "integrated" monitoring. For these authors, integrated monitoring refers to monitoring that is redesigned to sample all relevant aspects of an ecosystem at similar space and time scales, so that cause and effect studies can be made using appropriate data. In a region where marine monitoring has evolved over time within themes (see de Jonge et al., 2006 , for a good summary of the historical development of marine monitoring in Europe), unless all existing monitoring programmes are terminated, and a fundamental roots-and-branch redesign is applied, monitoring must move from separate themes, through "coordinated monitoring" in the terminology of Kupschus et al. (2016) towards truly ecosystemcentric "integrated" monitoring. Thus monitoring goes through evolution rather than revolution, which may be more politically and managerial acceptable and possible (e.g. Froján et al., 2016) . As currently neither coordinated nor integrated monitoring exists in some marine regions, such as the North Sea for example, we need to examine why that is not happening and propose mechanisms to make it happen.
Why integrate? -budget cuts
Public funding across Europe, if not globally, is reducing and this has already impacted marine monitoring programmes and themes (e.g. Froján et al., 2016 , van Lancker, 2010 . At the same time, the demand for monitoring is increasing owing to the desire to move towards an ecosystem approach to resource management in many regions (Borja and Elliott, 2013) .
Unfortunately the solution to this "paradox" in reality cannot be to maximise value for money, for example by maximising data return for a level budget. This is satisfying scientifically, but does not meet society's requirement for a smaller public budget at the end of the process compared to the beginning. Rather, we must fit our monitoring within reduced budgets by individually doing less monitoring. By "individually" it is meant by an individual country, organisation or in the context of this paper, a monitoring theme.
Simply cutting back monitoring may solve the budgetary problem, but does not solve the monitoring paradox, where the ecosystem approach requires all key aspects of an ecosystem to be monitored while at the same time coping with budget reductions (Borja and Elliott, 2013) . Hence coordination, or integration, between and across monitoring themes is critical if we are to deliver the marine monitoring which will be needed in the future at this time of reducing public expenditure. Instead of reducing the number of monitoring programmes or themes we maintain as cuts fall, by terminating whole themes and hence whole components of the ecosystem or environment or specific policy areas, we must allocate the reductions across themes in such a way as to optimise the scientific return. The size of the total overall monitoring budget, across all monitoring themes in a region, is a political decision. How it is best used is a scientific, managerial and governance one. Fig. 1 provides an illustration of the approximate distribution of research vessel time across marine monitoring themes in the UK in 2016. While fish are a key component of the ecosystem, their monitoring does consume a disproportionate amount of the monitoring vessel use. While this analysis is a crude one, it does suggest that a degree of rebalancing between themes is possible, if not desirable. While it is correct that the emphasis on fish stock monitoring in the UK is partly driven by the data requirement of the stock assessment methodologies (i.e. age or length class based, and hence data hungry), as well as by the related funding mechanisms, it is not true to say these are unchangeable. It is just that a lot of effort, scientific thought (e.g. development of modelling techniques requiring less data) and political change (e.g. moving to multi-annual advice and decision making cycles) will be needed to change them.
The ecosystem approach requires us to aim for a balanced approach to monitoring key aspects of our ecosystem, and not one greatly distorted by specific assessment methodologies (e.g. VPA-based stock assessment models), policy drivers (e.g. the Common Fisheries Policy) or funding sources (e.g. the Data Collection Framework). In some respects a geographical region such as the northeast Atlantic is fortunate to have currently unbalanced ecosystem monitoring, as this means there is scope to implement a more balanced approach while at the same time reducing the overall budget. However, as discussed elsewhere this requires the magic ingredients of strong leadership and good governance, and the financial trick of sharing cost savings.
Finances are rarely analysed in published monitoring studies. One exception is that of Dennis et al. (2015) , who attempt a cost-benefit analysis of fish-independent surveys in the Torres Strait. While detailed costs may be published in institutional annual reports, internal papers etc., they are rarely publically summarised (such as in Turrell, 2009) . A well-governed marine monitoring theme should have detailed published costs which would permit stakeholders to appreciate their true worth, and would facilitate studies to optimise cost-benefits.
Finally, the lack of financial mechanisms to share cost savings and share resources may be a barrier to integration between themes. For example, coordinating monitoring between themes might well result in less survey vessel time needed overall, as vessel time would hopefully be used in a more optimum way. In a region the overall annual requirement for vessel time might reduce, for example, from 5 vessels to 4 vessels. But which institute, or in the case of the North Sea which country, sells a vessel? How do the remaining vessel-owners share costs, or conversely share savings? If the party who loses a vessel then has an unforeseen urgent demand for one, for example to respond to a pollution incident, can they call on the vessel-owning partners to provide that time? Solutions to these problems, as always, can be found, but needs strong leadership, good governance and brave decision makers.
Barriers to integration -change management
Integrating, or coordinating, monitoring requires the implementation of many changes. Monitoring themes may need to give up monitoring opportunities. Some time series must be terminated, and resources shed. Some time series may need to be moved from annual repeat cycles to multi-annual cycles. Assessment methods and models may need to be changed. Funding mechanisms altered, and either broadened in scope, or merged with other sources.
Perhaps most difficult of all, scientific cultures must change, and groups of people unused to working together, or unused to working in similar ways to one another, must alter their mind sets, procedures and expectations (Knol, 2013) . Park (1950) described the cycle of "initial contact", "conflict", "cooperation" and "assimilation" when diverse social groups meet, and these stages are equally relevant when merging organisational structures (e.g. McGuire et al., 2007) or indeed monitoring themes or programmes. Without clear leadership within a strong governance structure, things will never change.
A brief look at UK marine monitoring can identify different "monitoring philosophies" within themes (Table 6 ). For example, the WFDrelated water quality monitoring community have largely gone down a "risk based" approach to monitoring, where monitoring is focussed on water bodies at risk from specific identifiable pressures. Another approach has been investigated by the offshore ecosystem monitoring community, where the ultimate underlying desire is to measure "everything, everywhere, all the time", modified by a focus on key aspects of an ecosystem (Kupschus et al., 2016) .
Prevailing conditions monitoring in Scotland maintains key timeseries, some of which are now more than 120 years in length. Such time-series generate a loyalty amongst their respective monitoring communities, and hence a "time series" monitoring philosophy can be hard to alter. A final example of a monitoring "philosophy" would be monitoring generated by specific policy drivers, such as marine protected area monitoring, or invasive species monitoring.
Each of these monitoring philosophies have advantages and disadvantages (Table 4 ) and can result in cultural differences that must be overcome if we are to move towards coordinated, or integrated, monitoring.
Conclusion
It is to be hoped that marine monitoring communities, in regions where monitoring has developed along independent lines within specific themes, can use the current reductions in public spending not as a cause to reduce monitoring efforts, but as a catalyst to bring about long needed coordination and integration. The two concepts presented here, considering marine monitoring as being grouped into recognisable themes, and implementing nine key elements within those themes, will hopefully help progress towards integrated monitoring. However, this will never be achieved without strong, imaginative and courageous leadership within clear and transparent governance structures.
There is more for us to gain collectively in the long term than to lose individually in the short term, hence coordinating mechanisms, such as Regional Seas Conventions (e.g. OSPAR, HELCOM) and international inter-governmental agreements (e.g. ICES, PICES), need to promote good governance within monitoring themes, and then broker integration between themes.
Our aim should not be the best monitoring schemes for individual themes, institutions, countries or organisations, but optimum integrated marine monitoring that can assess whether our seas are clean, safe, healthy, productive and biologically diverse on behalf of society. It is, after all, they who ultimately pay for it. 
